In 1968, S. Comorosan first reported a phenomenon wherein irradiation of the substrate of an enzyme reaction, in the crystalline state, for a specific number of seconds could lead to an enhanced aqueous solution reaction rate (up to 30%). Moreover, for a given reaction, a set of such activating irradiation times, t*, could be found which obey the relationship t* = t m + n  where t m is the shortest activating time, n = 0, 1, 2, …, and  is the constant number of seconds separating consecutive activating times. All t m and  were found to be small multiples of 5 seconds. The basis for this unusual phenomenon has remained a mystery. Previously unreported experimental results are presented which demonstrate, for the lactic dehydrogenase / pyruvate reaction, that the identity of the crystalline material irradiated is, largely, inconsequential. It is proposed here that the irradiation procedure drives oscillatory reactions involving atmospheric gases adsorbed on the crystals. This feature of the model accounts for the wide range of crystalline materials with which the phenomenon has been observed and the peculiar irradiation time dependence. Additional experimental results reveal that lactic dehydrogenase isolated from chicken heart responds to a different set of irradiation times than that isolated from mammalian sources. This behavior, along with published studies by Comorosan, leads to the conclusion that multiple gas-derived bio-active chemical entities are produced, some simultaneously, by the crystal irradiation procedure. Thus, the model derived here posits 2 a set of small molecules which, somewhat analogous with the nitric oxide -guanylate cyclase interaction, are capable of stimulating reaction rates of a wide variety of enzymes and may portend existence of an extended cellular signaling system.
Introduction

 Description of the Phenomenon
In the late 1960s, Sorin Comorosan (1968) , strongly influenced by the theoretical work of Nicholas Rashevsky (1960) and Robert Rosen (1961) , set out to develop an experimental approach to the study of quantum theoretic eigenstates and eigenvalues for presumed "biological observables." As a point of departure, he reasoned that biological molecules possess quantum states that can be revealed (observed) only by using highly sensitive biological instruments. He selected enzymes as the instrument and sought to perturb and observe excited states of the molecules which served as their substrates. He would do this by irradiating the pure crystalline substrates and measuring the effect thereof on the subsequent enzyme reaction rate. The phenomenon he and his coworkers uncovered will be referred to here with the acronym CISER (crystal irradiation stimulation of enzyme reactivity).
The basic observation is that the enzyme reaction rate will be increased (typically 10% -30%) for only certain irradiation times, designated as t*. Other irradiation times have no affect on the reaction rate. For example, if t* happens to be 5.0 sec, a crystalline sample (e.g., sodium pyruvate) irradiated for 2.0, 3.0, 4.5, 5.5 or 7.0 sec would be found to have the same enzyme reaction rate (eg., with lactic dehydrogenase, LDH) as a nonirradiated (t = 0.0 sec) sample. Indeed, it has been found that for a given enzyme reaction the set of all t* values, those irradiation times which produce an increased reaction rate, can be represented as: t* = t m + n , where t m is the shortest irradiation time in the set (eg., 5.0 sec), n = an integer (0, 1, 2, 3, …) and  is a constant time period (e.g., 30.0 sec) which separates successive activating irradiation times (see Fig. 1 ). Values found for t m and  have always been a multiple of 5.0 seconds (Comorosan, 1980a) . The time-width of the activating irradiations is less than ±0.5 sec (Comorosan, 1974; Bass, 1976) . The initial studies were conducted using x-rays. Later, it was found that high pressure mercury lamps and some tungsten lamps could be used. Narrow wavelength bands selected with band-pass optical filters covering the visible spectrum produced the phenomenon, most effectively at 546 nm (green) (Comorosan, et al., 1971c (Comorosan, et al., , 1972b . The intensity threshold appears to be at an illuminance of 200 -300 footcandles for a wavelength of 546 nm (Comorosan, 1976, p.195) . Values for the {t m , } pair of parameters can vary from one enzyme to the next and sometimes for the same enzyme isolated from different species (e.g., microbial vs. mammalian) (Comorosan,1975b) .
Patterns in the t* values for different enzyme reactions raise the possibility that an underlying metabolic messaging capability is being reflected (Comorosan, 1971a (Comorosan, , 1971b . This behavior has been found also for the effect of irradiated growth factors and antibiotics on growth rate of microorganisms in minimal media and broth, respectively (Comorosan, 1970c (Comorosan, , 1975a (Comorosan, , 1976 Bass, 1973; Sherman, 1974) .
 Scope
A total of 24 enzymes have been investigated and found to respond to the CISER photo-activation process. For many of these, both the forward and reverse reactions have been studied. Some enzymes were obtained from commercial sources, others were isolated by the investigators. Enzyme sources include bacteria, yeast, jack bean, rat, rabbit, pig, beef, human, and chicken. Including the microbial growth rate studies, a total of 34 crystalline compounds (enzyme substrates, cofactors, growth factors, antibiotics, and inorganic salts) have been utilized. These, including experimental studies reported here, are identified in Table 1 .
 Validity
Successful CISER experiments have been conducted in at least 6 geographically dispersed laboratories under independent leadership (Bucharest, Romania / Comorosan (1968); Detroit, US / Sherman (1973); Sussex, UK / Goodwin (1975) ; Memphis, US / Bass (1973) ; Kansas City, US / Grisolia (1975); and Blacksburg, US / Etzler (1986) ).
Included in these is a rigorous double-blind study of the urea / urease reaction (Bass et al., 1976a) . The latter study established that photo-activation occurred for t m = 25.0 sec (relative to control values only for irradiation times of 0, 20.0, 24.0, 24.5, 25.5, 26.0, and 30 sec) as well as at 50.0 sec (relative to irradiation times of 0, 50.0 and 60.0 sec) and at 85.0 sec (relative to irradiation times of 0, 80.0 and 90.0 sec). A single-blind confirmation of photo-activation for the LDH / pyruvate reaction for irradiation times of 5 sec (relative to 0, 4 and 6 sec irradiations) and 35 sec (relative to 0, 34 and 36 sec irradiations) has also been reported (Bass & Chenevey, 1976b) .
 Previous Explanations
In the first report of experiments involving this phenomenon, Comorosan's attention was focused on the enzyme substrate as the entity whose quantized "biological observables" would be perturbed by irradiation and revealed by subsequent enzyme reaction rates (Comorosan, 1968) . Thus, it was the purified crystalline substrates (urea, sodium isocitrate, potassium malate and sodium glutamate) which were irradiated prior to dissolution and measurement of their enzyme reaction rates (urease, isocitrate dehydrogenase, malic dehydrogenase and glutamate dehydrogenase, respectively).
However, in two following studies (Comorosan et al., 1970a (Comorosan et al., , 1970c , he found that a non-reactant (cytidine or thymine) could be irradiated for the same t* times, mixed with the crystalline substrate (glucose-6-phosphate or xanthine, respectively) and achieve the same enhanced enzyme reaction rate (glucose-6-phosphate dehydrogenase or xanthine oxidase, respectively). His interpretation at the time was that the irradiated non-reactant crystals transferred the perturbation to the substrate crystals. This facet of the phenomenon was not touched on again until a report in 1980 which detailed experiments wherein irradiated crystalline sodium chloride was effective in stimulating the glutamatepyruvate transaminase (GPT) conversion of alanine to pyruvate (Comorosan et al., 1980b) . Comorosan suggested that the irradiated crystals transfer the perturbation to water molecules which then interact with the enzyme such as to produce a higher reaction rate. In 1988, Comorosan suggested an exciton based model wherein a "phonon wind" would modify the energetic topological configuration of the crystal lattice in a manner consistent with any type of crystal (Comorosan, 1988) . Through this period, a number of mathematical modeling studies were reported by Comorosan and co-workers (Comorosan et al., 1975a (Comorosan et al., , 1975b (Comorosan et al., , 1980a .
Previous attempts to explain the CISER phenomenon do little to point the way to verification nor provide a path for subsequent integration of the phenomenon into scientific knowledge. Here, based on previously unreported experimental findings using irradiation of non-reactant crystalline samples, an explanation of the CISER phenomenon will be proposed which attributes the enzyme reaction rate enhancements to photoproducts of atmospheric gases adsorbed on the crystalline samples. Additional experimental results obtained with LDH from different species lead to the proposal that multiple bio-active entities are formed in surface catalyzed free radical mediated oscillatory reactions during the irradiation procedure.
Materials and Methods
Experiments reported here involve initial reaction rate measurements for lactic dehydrogenase (LDH) conversion of pyruvate to lactate. The reaction rate is represented by the change in absorbance at 340 nm for the associated conversion of NADH to NAD during the first 12 seconds of the reaction, designated ∆A 340 . Reaction rates were measured for sets of 4 crystalline samples wherein the first and fourth served as controls (non-irradiated or irradiated for a non-t* time). Each such set is designated a Run. Each Run, from irradiations through reaction rate measurements, was completed within one hour.
All chemicals and biochemicals were obtained from Sigma Chemical Co.
Experimental details are provided in Appendix A.
Results
 Enzyme Reaction Rate Enhancement by Irradiated Non-reactants
Presented in Table 2 are initial reaction rates (expressed as ∆A 340 / 12-sec enzyme reaction) for rabbit muscle LDH conversion of pyruvate to lactate in the presence of solutions of irradiated and control crystalline sodium chloride samples. Enhanced initial reactions rates were found for irradiation times of 5, 35, 155 and 995 sec. These correspond to t* = 5 + 30 n, where n = 0, 1, 5 and 33 (or, {t m ,} = {5, 30}), the same as has been reported previously for irradiated crystalline sodium pyruvate (Comorosan, 1971b (Comorosan, , 1972b Bass, 1976b Bass, , 1977 . Samples irradiated for t* 1 sec, as well as samples irradiated 10, 15, 20, 25, and 30 sec, produced no rate enhancement relative to nonirradiated controls. Presented in Tables 3 -6 are similar results demonstrating rate enhancements for irradiated crystalline potassium chloride, sodium bromide and diatomaceous earth (insoluble, ~ 95% silicon dioxide) for 5 and 35 sec.
 Chicken vs Mammalian LDH
Experiments conducted using irradiated sodium pyruvate with LDH derived from beef heart, porcine heart, and human erythrocytes produced enhanced initial reaction rates for t* = 5 + 30 n sec (or, {t m ,} = {5, 30}), just as for rabbit muscle LDH. However, corresponding experiments (irradiated crystalline sodium pyruvate) utilizing LDH isolated from chicken heart yielded a different set of stimulating irradiation times, in particular, t* = 15 + 20 n sec (or, {t m ,} = {15, 20}). To confirm that these differences are associated with the enzymes per se rather than some aspect of experimental procedure, a series of direct comparison experiments were conducted wherein both enzymes were used in each Run involving 4 identical crystalline samples, 2 irradiated and 2 not. For each irradiation time, two Runs were conducted with opposite sequenceing in the use of the two enzymes. Results are presented in Table 7 . These results demonstrate stimulation of the rabbit muscle / pyruvate reaction for irradiation times of 5 and 35 sec, while the chicken heart LDH / pyruvate reaction is stimulated for irradiation times of 15, 35 and 55 sec.
Discussion
This report primarily is concerned with the immediate consequence of the irradiation process. That is, what is the activated entity or set of entities, the photoproduct(s), responsible subsequently for increasing enzyme reaction rates? The results presented here for irradiated NaCl, NaBr, KCl and diatomaceous earth serve to verify and extend Comorosan's observations that the phenomenon can be produced by irradiation of a crystalline material that is not involved in the enzyme reaction. Considering the chemical structures and physical characteristics of these compounds, as well as the others presented in Table 1 , one can only conclude that the identity of the irradiated crystalline material is of only secondary importance. That is, photoactivation does not rely on the absorption spectrum of the irradiated crystalline material. As shown with diatomaceous earth, it is not even necessary for the crystalline material to be water soluble. For example, generalizing and applying these observations, the reactions of each of the 27 enzymes listed in Table 1 could be stimulated as well by diatomaceous earth irradiated for the various times as found using their irradiated substrates.
There is a notable common circumstance applicable to all studies reported to date. All irradiations have been conducted in the open atmosphere of the laboratory. It is proposed here that the crystal irradiation process induces oscillatory free radical mediated reactions involving atmospheric gases adsorbed on the crystalline materials and are the same whether the crystalline material happens to be the enzyme substrate or some non-reactant.
On cessation of irradiation, defining the t* period, much slower dark reactions would lead to relatively stable chemical species which, in turn, are capable of altering reactivity of a particular enzyme.
At this time, there is no direct evidence linking the CISER phenomenon to atmospheric gases. Of course, the essential biological roles played by dissolved gases as reactants and products in respiration and photosynthesis have been know for a long time. However, beginning with discovery in the 1980s of the involvement of nitric oxide in guanylate cyclase stimulation, we have begun to recognize a more subtle role of small gaseous molecules as biological messengers (Stamler et al., 1992; Snyder & Bredt, 1992) . Stimulation of guanylate cyclase by nitric oxide increases V max for conversion of GTP to cGMP by 40-to 50-fold (Wolin, et al., 1982) . The possibility of similar signaling functions for carbon monoxide, peroxide and ozone are matters of current investigation (Maines, 1996; Dioum et al., 2002; Nathan, 2002; Wentworth, et al., 2002; Boehning & Snyder, 2002) . A corresponding signaling role for CISER photoproducts posited here would be consistent with observations (Comorosan et al., 1971a (Comorosan et al., , 1971b .
Perhaps the most eye-catching feature of the CISER phenomenon is its oscillatory dependence on irradiation time -seemingly strange behavior. However, for a number of reactions involving atmospheric gases very similar oscillatory reaction kinetics, also with fixed periods of seconds and tens of seconds, are well know and characterized. Most extensively studied are the oxidation reactions of hydrogen, carbon monoxide and acetaldehyde (Gray & Scott, 1990) . Carbon monoxide oxidation is particularly interesting here.
Mixtures of carbon monoxide and oxygen, in the presence of at least trace amounts of a hydrogen source such as H 2 or H 2 O, can exhibit oscillatory reaction kinetics accompanied by sharp chemiluminescence flashes. For a flow system, reported studies illustrate flashes every 4 sec sustained indefinitely; for a closed system, every 100 seconds for several hours duration (see Fig. 2 ). The chemiluminescence is referred to as a "light house" effect. It is associated with formation of carbon dioxide via the reaction:
where M represents a non-reacting third body required for stabilization, CO 2 * is electronically excited, and h is the photon released when CO 2 * falls to the ground state.
The chemiluminescence consists of a continuous spectrum in the wavelength range of 300 to over 500 nm, usually seen as a light blue (Clyne & Thrush, 1962 Oscillatory kinetics with a period on the order of 10 sec has also been demonstrated for the gas phase reaction between acetaldehyde and oxygen (see Fig. 3 (Gray & Scott, 1990, p. 429) .
Surface catalyzed oscillatory gaseous reactions have also been observed for carbon monoxide oxidation on platinum and palladium (Scott & Watts, 1981; Mukesh, et al., 1983; Oken & Wicke, 1986; Schwanker et al., 1987; Cirak, et al., 2003) . The metal may be present as a bare wire, single crystals, or supported on alumina or xeolytes. Periods are found to be similar to those of the strictly gas-phase reactions (see Fig. 4 ). Thus, oscillatory, free-radical mediated reactions involving some of the atmospheric gases occur over an appreciable range of conditions. Characteristically, such oscillating systems include a relatively slow initiation reaction that generates the first free radicals as well as propagation, branching and terminating reactions (Gray & Scott, 1990, p. 410) . In the studies noted here, reactions were driven by elevated temperatures (700 -800 K). The considerations above lead to the more specific proposal that CISER involves oscillatory free radical mediated reactions on the surface of the irradiated crystalline material. The role of the crystalline material (absorbant) might be simply to concentrate the gas(es), stabilize reactive intermediates, alter polarizabilities such as to increase photo transition probabilities, and/or concentrate photoproducts and follow-on dark reaction species. The irradiation time dependence requires that one or more key reactions are photo-driven. One candidate for this role is the reverse of the CO chemiluminescence reaction, i.e., CO 2 + M + hν → CO 2 *:M → CO + O + M, where M is a non-reacting third body, possibly the crystal surface. It may be noted that nitric oxide also can engage in a similar chemiluminescent reaction: O + NO + M → NO 2 *:M → NO 2 + M + hν (Clyne & Thrush, 1962) . While the non-urban area tropospheric concentrations of nitric oxide and nitrogen dioxide are reported as 0 -300 parts per trillion (Hobbs, 2000) , nitric oxide levels probably are higher in the laboratory environment. Humans have been found to exhale nitric oxide at 1 -200 parts per billion (Byrnes, et al., 1996) .
How many different bio-active species are generated during the irradiation process? To get a handle on this question, one can start by examining the irradiation times for the pyruvate reaction of LDH derived from rabbit muscle, chicken heart and yeast. First, note that the rabbit muscle LDH / pyruvate reaction will be stimulated by irradiation times of t* = 5 sec, 35 sec, 65 sec, … . Let us make the simplifying assumption here that only a single recurring photoproduct species is responsible for rate enhancement corresponding to all of the t* irradiation times for a particular enzyme reaction. Designate the photoproduct responsible for the rabbit muscle LDH / pyruvate reaction  1 . Note however that the chicken heart LDH / pyruvate reaction is not stimulated by a 5 sec irradiation (i.e.,  1 ). Instead, the latter is stimulated by an irradiation time of 15 sec. The corresponding photoproduct, call it  2 , has no effect on the rabbit muscle reaction. Thus, there are at least 2 distinct bio-active entities. One may further note that both the rabbit muscle and chicken heart enzymes are stimulated by an irradiation of 35 sec. With our initial assumption of a single photoproduct being responsible for all stimulations of a given enzyme's reaction, this suggests that  1 and  2 are present simultaneously at 35 sec of irradiation time. Continuing, the yeast LDH / pyruvate reaction is stimulated by an irradiation time of 25 sec (Comorosan,1975b) . This would correspond to still another distinct photoproduct, say  3 . Since the yeast enzyme also responds to 5 sec irradiations, as does the rabbit muscle enzyme, one may argue that  1 and  3 are present simultaneously at 5 sec. A more systematic way to make these arguments is to note that, given the initial assumption, a different bio-active entity is indicated for each distinct {t m ,} parameter pair, here, {5,30} for rabbit muscle enzyme, {15,20} for chicken heart enzyme, and {5,20} for yeast enzyme.
Next, one may compare the {t m ,} parameter pairs for the forward and reverse reactions of a given enzyme. A listing of enzymes for which both forward and reverse reactions have been reported is provided in Table 8 . Here, one may observe that for the forwardreverse reaction set of a given enzyme from a given source, the t m parameters have different values while the  parameters are the same. Accordingly, no irradiation time that stimulates the forward reaction has any effect on the corresponding reverse reaction, and conversely. Thus, one is led to propose that different photoproduct entities must be evoked for each occurrence of such distinct {t m ,} parameter pairs. Moreover, the extended generalization of this argument leads to the proposal that there exists a different bio-active photoproduct (or subsequent dark reaction species) for every observed {t m ,} parameter pair, regardless of the enzyme reaction involved. A matrix of all reported {t m ,} parameter pairs, 14 in number, is presented in Table 9 . When contemplating this aspect of the model, one must bear in mind that imposition of the assumption made here that only a single photoproduct is responsible for all stimulations of a given enzyme reaction is justifiable solely on the basis of simplification. Further, the studies from which Table 9 is derived were conducted over an extended period of time and cover a very wide range of experimental conditions. Degeneracies may exist in the relationship between this set of parameter pairs and a set of bio-active photoproducts. As is illustrated in Table 1 , studies of the CISER phenomenon have encompassed 24 enzymes and 12 living species. One must at least consider the possibility that the phenomenon reflects a rather common characteristic of enzyme catalysis. Might photoproducts similar to those postulated here have been generated by natural processes in the sands, clays and waters to become participants in early evolution and thereby influence emerging enzyme architecture?
This model is verifiable. From an enzyme reaction kinetics perspective, one can argue that the stimulating photoproducts will be present in solution in molar quantities at least as great as the enzyme. For the LDH reactions reported here, this falls in the picomole range. This level of small gaseous molecules can be identified by GC-MS methods (e.g., see Leffler et al., 2003) . Once such species are identified, they can be generated by other means, possibly more efficiently, and introduced directly into the biological system under study. This is similar to the first demonstrations that nitric oxide was the mysterious "EDRF" (endothelium derived relaxing factor) (Palmer et al., 1987; Ignarro et al., 1987) . Comorosan, S (1970d Comorosan, S., Cru, M., Murgoci, P. and Vieru, S. (1972a) . A new metabolic control mechanism: IV. Enzymes as measuring systems of substrates quantum properties.
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Comorosan S., Cru, M. and Vieru, S. (1972b) . The interaction between enzymic systems and irradiated substrates. Enzymol. 42: 31-43. Summary Chicken: t m = 15 sec, τ = 20 sec Rabbit: t m = 5 sec, τ = 30 sec a ∆A 340 / 12-sec enzyme reaction = change in absorbance at 340nm in the first 12 seconds of the enzyme reaction. R = rabbit muscle LDH. C = chicken heart LDH t hυ = crystalline sodium pyruvate irradiation time, sec. ∆(∆ A 340 ) = (∆A 340 for t hυ irradiated samples) -(∆A 340 for non-t hυ irradiated samples) for rabbit muscle LDH or chicken heart LDH. Comorosan et al., 1971a the course of a day's experiments (and from one enzyme solution batch to another) the sodium pyruvate samples were assayed in groups of four, at least one of which was always a non-irradiated control. In the following, each of these groups of four samples is referred to as a "Run." In every Run, assay of the sample(s) irradiated for a t* time was always preceded and followed by assay of samples which were not irradiated or which were irradiated for non-t* times (also considered "control" samples). This allows distinction between irradiation-induced activation and possible activity drift of one sort or another in the course of a Run. In a given Run, all samples were first irradiated for the times indicated, then all were dissolved and loaded into cuvettes as outlined above.
Following addition of NADH/buffer solution to all cuvettes, the four samples were assayed enzymatically within a lapse time of 10 min. The rapid manual addition and mixing of the enzyme was accomplished in 1.5 to 2.0 sec. Lapse time from beginning of the crystalline pyruvate dissolution step to completion of the enzyme assays was always less than 30 min. Dissolution of the samples was usually initiated within 5 -10 min. after the irradiation step, always within 30 min. The crystalline sodium pyruvate samples were always used within 36 h following their preparation.
